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Microorganisms play a key role in the treatment of waste 
water. The bacteria, in general, are mostly responsible for 
the reduction of the ene;t'gy le.vel of the waste and, hence, the 
reduction of the pollutional power of the waste. The inter-
action of these bacteria brings about the predominance of a 
few species and the repression of the rest in accordance with 
the enrichment culture principle which is applicable to many 
wastes. The predominating organisms are the ones chiefly re-
sponstble for the reduction of the energy level of the wastes 
. in various treatment processes and in the receiving body of 
water. Therefore, if a better understanding of the bacterial 
interaction can be obtained, better treatment plant design 
may·ensu.e. 
Literature Review 
Fawcett (1) expressed the need for studying mixed cul-
tures. He states that the results of a mixture of two or 
more organisms may be more significant than the effects of 
pure cultures studies individually. 
1 
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Sanborn (2) found that the decomposition of cellulose 
by Cellulomonas folia was aided by other organisms in the 
same culture. The cellulose degradation was more complete 
when the other organisms were present to furnish some essen-
tial compounds to the Cellulomonas folia. 
The food industry has used microorganisms in associa-
tion for many years. The processing of sauerkraut, green 
olives, and cheeses are examples of products of microbes in 
association. Sherman and Shaw (3) have shown that by com-
bining Streptococcus lacticus or Lactobacillus casei with 
Bacterium acidipropionici, a much increased rate of fermen-
tation of lactose to propionic acid is effected. Imamura and 
Tsugo (4, 5) found that Streptococcus lactis and Penicillium 
rogueforti act symbiotically in the ripening of roquefort 
cheese. The Penicillium rogueforti slowly consumes lactose 
as compared with the consumption of glucose and galactose, 
the two monosaccharide constituents of lactose. However, when 
the two orga~isms are mixed, consumption of lactose is greatly 
increased. Peterson, Black, and Gunderson (6, 7, 8, 9, 10) 
have recently studied the growth of staphylococci in mixed 
cultures. In one study (6) staphylococci were suppressed by 
naturally occurring saprophytic species in the precooked fro-
zen foods. The study was made on these precooked frozen foods 
during defrost. The authors state that: "Apparently the 
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greater the saprophytic population, the greater the protec-
tion against staphyloccal growth through antagonism, competi-
tion for nutrients, and modification of the environment to 
conditions less favorable to staphylococcal growth." These 
results are in sharp contrast to the results of pure culture 
studies of staphylococci (7), 
Mickelson and Flippin (11) found a strain of Escheri-
chia coli which would eliminate Salmonellae from egg whites. 
Rahn (12) found that Pseudomonas aeruginosa inhibited 
Staphylococcus and typhoid organisms. 
Miller (13) states that, "With the exception of preda-
tion, grazing, and parasitism, one individual affects the 
other through the environment and not directly from individu-
al to individual. 11 This effect can be an antagonistic one. 
Jeney (14) believed that the antagonistic effect of one micro= 
organism on another may be due to the fact that one contains 
exclusively D-amino acids and the other exclusively 1-amino 
acids. His experimental results have proven a definite anti-
biotic effect of D-glutamic acid, D-lysine, and D-arginine. 
Savage and Florey (15) stated that no proof could be obtained 
from their own experiments that bacteria can be induced to 
produce an antibiotic for any selected species. Charlton (16) 
concluded that antagonism between Aerobacter aerogenes and 
Bacillus subtilis was present on a nutritional basis and not 
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due to antibiotic production, crowding, or direct contact 
between organisms. He also concluded that the antagonism was 
due to competition for gaseous nutrients in the medium. 
Synergistic and symbiotic effects may also be brought 
about by the effects of one organism on another through the 
environment. Waksman and Lomanitz (17) found that ammonia 
could be formed from proteins by using a mixed culture of 
Bacterium cereus and Bacterium fluorescens. Bacterium cereus 
degrades the protein to amino acids and Bacterium fluorescens 
forms ammonia from these. Waksman and Hutchings (18) found 
by using .a potent cellulose degrading fungus and a bacteria 
which could not utilize cellulose, that the rate of cellulose 
decomposition was faster than that of the fungus alone. The 
reason given by the authors was that the more easily availa-
ble carbohydrates were utilized by the bacteria, thus, for 
the fungus to survive, it had to degrade more cellulose. 
Nurmikko (19) found that the lactic acid bacteria he studied 
could grow with growth factors omitted from the medium, pro= 
vided that the other organisms present could synthesize these 
growth factors. Bor';Lna (20) found that Serratia marcescens 
hastened the fermentation and increased its intensity when 
grown in association with Clostridium acetobutylicum on cere-
al flour. The subject of the study was the effect of Serratia 
marcescens on the course of acetone-butanol fermentation by 
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Clostridium acetobutylicum.. 
The environment of microorganisms also.affects the pop-
ulation dynamics. Fawcett (1) found that.changes in tempera-
ture could alter the predominance of organisms in a culture. 
Gibson (21) noted microbial population changes when the pH of 
the rum.en of sheep was suddenly lowered by an.abrupt change 
.in the diet from hay to grain. Protozoa were killed_and gram 
positive organisms increased. 
Gaudy (23), using oxygen uptake as the major criterion, 
found that a mixture of organisms was generally more effective 
than pure 9ultures in removing substrates from.the environment. 
He used four organii;:;ms in all possible combinations and also 
used the following substrates: · glucose, glucose and nutrient 
broth, fructose, sucrose, and maltose. From his work one 
could conclude that pure culture studies df organisms £ound 
to predomilfate in any waste treatment· process would lead one 
to erroneous results as to the rate of purification of the 
waste,. Even though some indication as to the rate of substrate 
removal could be obtained, no concrete facts could be correct-
ly utilized in the design of the treatment facilities. 
However, this was exploratory work designed to give an 
insight into bacterial predominance changes during waste water 
purification. Indeed, it would seem that a considerable a= 
mount of such basic research will be needed before extrapolation 
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to a full scale treatment plant will be possible. One of the 
great needs of the water pollution control field is for more 
fundamental understanding of interaction of bacterial species. 
It will be necessary to do research simply to find out if an 
understanding of predominance changes in a closely controlled 
model system can be transposed to the highly complex situation 
which exists in the natural invironment. These studies were 
conducted solely in batch systems. In many respects, the pre-
sent study, which includes both batch and continuous flow in-
vestigations, represents the desirable and logical extension 
of Gaudy's studies. 
One problem of activated sludge treatment plants is 
known as, sludge bulking. This problem can be caused by the 
predominance of filamentous organisms. These organisms pre-
vent the sludge from settling properly because of their fila-
mentous structure. Many investigations into the causes of 
bulking are found in the literature, but to date the full 
s.tory of bulking sludge has not been unfolded. Smit (23) has 
shown that sludge bulking occurs when as much as 1000 p.p.m. 
of glucose is added to sewage. He points out, however, that 
sludge bulking occurs in sewage treatment plants where there 
is no appreciable amount of sugar in the sewage. Ruchhoft 
(24) isolated an organism which was the cause of sludge bulk-
ing at the Des Plaines River activated sludge plant. Ruchhoft 
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did not identify the filamentous organism he isolated as 
Sghaerotilus, b1Jtthe organism resembled Sphaerotilus with 
respect.to its effect on:bulking. Heukelekian and Ingols (25) 
concluded that "addition.of nitrates was ineffective in pre-
venting bulking of sludge with sugar but quite effective in 
preventing bulking of sludge with·sewage." From this study 
one may surmise that the presence of substantial quantities 
of carbohydrates is not essential to sludge bulking. Ingels 
and Heukelekian (26) found that sludge bulki~ would occur 
when they fed the sludge pure organic compounds and used a 
limited amount of oxygen. They were able to eliminate bulk-
ing when nitrates and either calcium butyrate or peptone were 
used in combination. 
In all of the preceding studies presented, the problem 
of b~lking sludge is approached from the standpoint of type 
of waste.and amount of aeration. No investigations were done 
on the possible species interaction as a cause of the predom-
inance of the filamentous organisms. As has been shown (26), 
the addit.ion. of nitrates sometimes eliminates bulking. This 
additional nitroge~ in some way allows the other organisms to 
suppress the filamentous forms in some wastes. Only a basic 
study of species interaction in mixed culture can unveil the 
mechanism of action of the nitrates on predominance. 
McKinney (27) has stated another problem.encountered in 
actiwated sludge treatment which.is caused by predominance. 
When raw sewage enters. the. aeration t·a.nk of the activated 
sludge process, a primary group of organisms are more effi-
cient.· in· their utilization. of this organic matter and, there-
fore, predominate. When the raw organic matter is utilized as 
the mixture flows through the tank, a secondary group of micro-
organisms predominat·es due to the change of the type of avail-
able nutrients. When.the sludge is returned to the beginning 
of the tank, the .primary group requires a long aeration period 
to.again.predominate and, thus, effect rapid stabilization of 
the waste. The long aeration period makes the process vulner-
able to. hydraulic and quantitative shock loads. 
To illustrate the change in predominance, the work of 
Jasewicz,and Porges (28) may be cited. By using dairy wastes 
in a batch type system, they found that 74 per cent of the 
bacteria in the assimilative phase were either of the genus 
I2acillus or Bacterium, while only 8 per cent.of Bacillus and 
Bacterium were found in the endogenous phase. In the endogen-
ous phase some 42 per cent of the bacteria were Alcaligenes 
and Pseudomonas and 48 per cent were.Flavobacterium·or Micro-
coccus. 
The preceding has been a brief review and discussion of 
the literature dealing most closely with the subject of this 
thesis. Since most wastes have an extremely heterogeneous 
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population, the problem of understanding the effects of envi-
ronment :and association of organisms is complex and is a dif-
ficult.one to study. The author feels that by elimination of 
the uncontrollable variables introduced by the use of the het-
erogeneous system, some insight into the question of causation 
of predominance which would aid in understanding waste water 
purification processes may be obt.ained. 
Some of the variables which can be maqe nearly constant 
are: number of species which have a part in the interaction 
of the heterogeneous popµlation, pH, temperature, concentra-
tion and type of waste, dissolved oxygen concentration, degree 
of agit,ation, and rate of introduction of waste to the system. 
In the studies presented here all of the above factors were 
maintained as constant .as possible with the exception of the 
rate of introduction of the synthetic waste to the system. 
This parameter was varied in a known manner to control the 
growth rate in the continuous flow system.herein studied. 
Kinetic Considerations 
The studies undertaken, dealing with the factors causing 
predominance, were generally of two types. One type was a 
study of the growth kinetics of pure and mixed cultures in 
batch or discontinuous systems. In these studies no environ-
mental changes were imposed on the organisms other than the 
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ones the bacteria themselves created. In the other type study, 
the bacteria were grown in pure and mixed cultures and were 
maintained under continuous flow steady state conditions. This 
type of study could eliminate predominance of one organism due 
to the build up of intermediate metabolites or end products 
and allow for int,eraction based on the ability to compete for 
growth factors. It was realized that.continuous flow experi-
ments would not completely eliminate the possible interaction 
of intermediate metabolites or end products on the competition. 
In order to use the mathematical model employed in this 
study, a basic understanding of the concepts of bacterial 
growth.kenetics is necessary. Concepts which govern batch 
systems were aptly formulated by Monod (29), who found a re-
lationship between the growth rate of the organism and the 
concentration of the limiting growth metabolite. Based upon 
his experimental results, he presented the following equation: 
JA= JJ. s/(s + K) 
,.m s 
(1) 
where µ. is the growth rate, ~mis the maximum growth rate, 
sis the concentration of the limiting growth substance, and 
K is the concentration of s which gives one-half the maximum 
s 
growth rate (see Figure 1). Monod (30, 31) presented data on 
the growth of Escherichia coli and Mycobacterium tuberculosis 
which fit.the equation v~ry well. 
The rate of increase of organisms is proportional to the 
- - -----7---,;c --
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FIGURE 1 RELATION BETWEEN EXPONENTIAL GROWTH RATE (V-) AND CONCENTRATION 




growth rate or: 
dx 
dt = µ X (2) 
where xis the concentration of organisms per unit volume. 
By combining-equations .(1) and (2) one obtains the following 
relationship between substrate concentration and the growth 
rate: 
dx _ u x( s ) 
dt r·m Ks+ s 
(3) 
If Y is defined as - -~ or weight of bacteria formed over 
the weight of substrate consumed, then equation (3} can be writ-
ten-as: 
ds 
-- - = 
( 4) 
dt 
This is an expression for the rate of disappearance of the 
substrate. 
Equations (3) and (4) hold true for batch and continuous 
flow systems since they express the rates of growth of the 
bacteria and disappearance of substrate from the medium. 
For -a more complete mathematical analysis of a continuous·_ 
flow system without.return of cells to the reactor, one must 
.consider the loss of cells in the effluent. The cell balance 
equation would be: 
Rate increase rat·e of growth - rate of output 
or 
dx 
dt µ mx ( K 9: + s ) -Dx -s 
( 5) 
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where Dis the dilution rate or the reciprocal of the mean 
detention.time in the reactor. When.the system.is in equili-· 
brium, dx will be equal to zero and eq1.1ation (5) reduces to: 
dt 
D = # m( Ks s + s) 
(6) 
From eq1.1ation (6) itis apparent that for all values less than 
the maximum growth rate, #Am' the dilution rate, D, is eq-µal 
to the growth rate,µ. 
A substrate balance equation may be written as follows: 
or 
Decrease= input - output - consumption 
Ds - µ.m~ ( K s + s ) 
s 
(7) 
In.the steady state dx in equation (5) and ds in equation 
dt . dt 
(7) are equated to zero, and equationsd5h.arld (7) may be 
solved simultaneously to give: 
s; Ks(p.mD_ o)· 
, x = Y( SR - s) 
( 8) 
( 9) 
where sR is substrate concentration in the incoming medium, 
sis the substrate concentration in the reactor and in the 
effluent (32). When /.J.m' Y, and Ks are known, the steady 
· st.ate concentration of cells and substrate in a completely 
mixed reaction vessel may be predicted. These three constants 
must be measured in a batch system if x ands are to be pre-
dieted for a continuous flow system. If x ands are measured 
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for the continuous flow, then Y and.K5 may be found from the 
steady state data. 
The preceding·relat.ionships for batch.and continuous cul-
ture of micro.organisms are admittedly simplified ones. The 
questions raised by Contois (33) and Moser (34) are not con-
sidered because it. is felt that they are beyond the scope of 
this investigation. Herbert (35) has obtained data which 
seems to fit.the continuous flow formulae and Monod (30, 31) 
has presented data .which fits the above batch formulae. On 
the strength of these findings,the author feels that these 
formulae should also.suffice for the present study. 
CHAPTER II 
MATERIALS AND METHODS 
Bacterial Culturing Egui2ment 
The flasks used in.the batch studies were of special 
design and are shown in Figure 2. The tubes, fitted to ground 
glass joints, were optically matched. The flasks were read by 
first invertirg and then placing them into the spectrophotom-
eter. Thus, no cont,amination was allowed to enter when the 
absorbancy of the systems was read, The flasks were placed 
on a shaking device which.was equipped with a constant temper-
ature bath. The t:emperature was :maint.ained at 25 °C. All ab-
sorbancies were. r~ad at 540 mp. on a Coleman model 6-D spec-
trophotometer using .a 15 mm: •. (diameter) curvette. 
The equipment used in the continuous flow studies con-
sisted of a constant-head sterile medium reservoir, the Chemo-
stat, an air filtration.tube, an air-metering device, a 25°c. 
water bath, and a pump for pumping 25°C. water through the 
water jacket on the Chomostat (see Figure 3). The Chemostat 
was externally controlled by variation of the flow rate, 
Analytical Technigues 
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Determination of Viable Bacteria Popula~ion 
Viable bacterial counts were obtained by the spot plate 
surface counting technique (22). After proper dilution with 
a physiological saline solution, an 0.08 ml. sample was placed 
on the surface of nutrient ,agar. By using approKimately 0.02 
ml. per spot, 4 spots per 1/2 plate were made so that ,a total 
of 8 spots were placed on each plate. In.all cases no less 
than duplicate plates were made of each dilution that was 
counted. A statistical analysis of the surface plating tech-
nique has shown that this method is at,least equivalent to the 
pour plate method (36). 
Determination of Continuous Flow Effluent Residual Glucose 
Residual glucose or the unused substrate in the effluent 
was -measured by the Glucostat analysis technique. This test 
is an enzymatic color-forming reaction which is specific for 
glucose. The effluent was collected in a 10 ml. graduated 
cylinder which was packed in:an ice bath. As the sample for 
the Glucostat analysis was collected, the flow rate of the 
Chemostat was measured as a check. The 10 ml. sample was 
filtered by using a membrane filter (0.45~pore size) and the 
filtrate immediately used in the glucose'determination. 
The instructions accompanying the Glucostat material were 
followed exactly for the running of the determination of glu-
cose. This procedure is briefly described below. 
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The Glucost,at reagents.were prepared according to direc-
tions by dissolving the "chromogen" in 60 ml. of distilled 
water and by dissolving.the enzyme in enough water to make 
the total volume 90 ml. Since the range of the test is most 
accurate with 0.05 mg./ml. to 0.25 mg./mL of glucose, stand-
ards were prepared within this range. One milliter of the 
Chemostat effluent was used as the sample and duplicate sam-
ple~ prepared. The chromogen-enzyme mixture was added and, 
after ·:.t.en. minutes, one drop of 4 molar HCl was added to stop 
the reaction and fix the color. The tubes were read at.a wave 
length of 400 rr,µ. A standard curve was plotted and the con-
centration of glucose determined from. it. 
Medium 
The synthetic waste used for all growth studies consisted 
of the salts listed in Table I and glu.c:bse. For all continu-
ous flow studies 500 mg. /1. of glucose was us.ed. For the 
batch studies the concentration of glucose_"was varied from 
·100 mg./1. to. 1000 mg./1. The pH of the medium was always 
approxi:m,ately 7. 
Bacterial Cultures 
Several cultures of organisms, which had. been isolated 
from sewage or its receiving :stream, were obtained from 
Dr. E.T. Gaudy of the 0. S. U Department of Microbiology. 
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After growing these organisms on the glucose-salts medium, 
the decision to use the two organisms used in the study was 
made. Among the factors considered in their selection were, 
(1) ease of recognition of colonies on nutrient agar; (2) low 
affinity for adhering to the walls of the flasks; (3) growth 
rates which were different but not drastically different. One 
of the organisms was a strain of Serratia marcescens. The oth-
er organism gave small, smooth, flat, yellowish-white colonies 
on nutrient agar. 
TABLE I 
CONSTITUENTS OF SYNTHETIC WASTE 
(NH4) 2so4 500 mg./1. 
Mgso4 ·7H20 100 mg./1. 
MnS04 ·H20 10 mg./1. 
Fec13 ·6H20 0.50 mg./1. 
CaCl2 7. 5 mg./1. 
KH2Po4 526 mg./1. 
K2HP04 1070 mg./1. 
Ex:rerimental Proto cal 
Batch Studies 
A single inoculating loopful of organisms was removed 
from the surface of a nutrient agar culture and suspended in 
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60 ml. of medium containing 500 mg./1. of glucose. The cul-
ture was placed on the constant temperature shaking device 
and allowed to grow for 18 hours. One to five ml. of this 
culture was pipetted into the special flasks used for the 
batch studies. These flasks contained 60 ml. of glucose-salts 
medium, Duplicate flasks for each glucose concentration were 
used for all experiments. The inoculated special flasks were 
placed on the constant (25°C.) temperature shaker and measure-
ments of the.absorbancy were made at. intervals of 30 minutes 
or 1 hour until the value became constant. Streak plates 
were made using.nutrient agar and inocula from the flasks. 
This was done to check for purity and also to serve as a source 
of organisms for the next experiment. 
Continuous Flow Studies 
The entire arrangement.of equipment was assembled and 
autoclaved with the exception of the water bath, pump, and 
air-flow meter. After cooling, the Chemostat was inoculated 
and the cultures allowed to grow with aeration (1000 c.c. per 
min.) for 18 hours. At the end of the 18-hour period a flow 
rate was set and samples of the effluent checked by means of 
reading their absorbancies. When three consecutive samples 
gave approximately the same reading, the unit was assumed to 
be in equilibrium. A sample of the effluent was collected 
and chilled, by means of an ice bath) and filtered (Millipore 
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HA, 0,45 µ). The filtrate was then.analyzed for glucose 
using the Glucostat technique. After the effluent sample was 
collected, a sample was taken directly from the unit by means 
of a sterile 1-ml. pipette to as~ay for viable count. Dilu-
tions were made using this sample, and an estimate of the via-
ble bacterial population was obtained by using the surface 
plating technique. The flow rate was then changed to obtain 
the next higher dilution rate. Tests for purity of the cul-
tures in the Chamostat were made by streaking a loopful of 
medium from the unit on nutrient agar. 
CHAPTER III 
RESULTS 
~.l. Effect of Substrate Concentration on Exponential 
Growth Rates of the Organisms in Discontinuous Systems. 
In this series of experiments the substrate (glucos~) 
concentration was varied (50-1000 mg./1.) to determine its 
effects on the exponential growth rates of the two organisms. 
At 50 mg:./1. the growth curves for the organisms were not ob-
tained because of the small increase in the number of cells. 
Growth.curves were obtained for the two organisms at sub-
strate concentrations of 100, 200, 300, 500, 750, and 1000 
mg./1. The exponential growth rates from these ~ata are 
shown in Tables II and III. Arithmetic plots of typical 
growth curves obtained atlOO, 300, 500, and 1000 mg./1. sub-
strate concentration.are shown in Figures 4 and 5. Semi-
logarithmic plots (see Figures 6:.,and 7) show the variation.in 
the exponential growth rates with substrate concentration. 
The average value of the growth rate (see Tables II and III) 
. at.each substrate concentration studied is plotted in Figure 
8. This plot. of the data for§.. marcescens shows that the 
maximum growth rate, µm .is about 0.51. The Ks value is 
23 
TABLE II 
GROWTH RATES FOR THE YELLOW ORGANISM 


































GROWTH RATES FOR SERRATIA MARCESCENS 
AT VARIOUS GLUCOSE CONCENTRATIONS 
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FIGURE 4 GROWTH CURVES FOR DISCONTINUOUS SYSTEMS USING THE 
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FIGURE 5 GROWTH CURVES FOR DISCONTINUOUS SYSTEMS USING 
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FIGURE 6 VARIATION OF LOG GROWTH RATE WITH SUBSTRATE 
CONCENTRATICH FOR THE YELLOW ORGANISM 
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about 45 mg./1. The plot of the data for the yellow organism 
shows µm to be about 0.154 and the Ks is the substrate con-
centration at one-half of the maximum growth rate value. There-
fore, by reading the substrate concentration corresponding to 
0,255 and 0.077, one would arrive at the stated Ks value. It 
should be noted that there are other ways of determining this 
important constant which may be employed as a check on the Ks 
value. An approximate check is presented in a later section 
of this report. 
Part _g. Effects of Mixed Cultures on Growth Patterns of the 
Organisms in Discontinuous Systems. 
The two organisms were cultured in exactly the same way 
as they were in the previous experiments except that mixtures 
of the two, as well as pure cultures of each organism, were 
examined. The results of two such experiments are given in 
Figures 9 and 10 and show the effects the bacteria exerted on 
each other while in mixed cultures. In both cases S. marces-
.£.§12§. in the mixed culture reached approximately the same value 
as in pure culture. In mixed culture the yellow organism 
seemed to reach.a peak value and then decline, whereas it did 
not in the pure culture. For the pure culture systems, an 
initial inoculum of 5 ml. of cell suspension was used, where-
as for the mixed system, 2.5 ml. of each cell suspension was 
used. The question may arise as to whether or not the size 
a- Pure Culture Serratia marcescens 
o- Mixed Culture§. marcescens 
x- Pure Culture Yellow Organism 
~- Mixed:Culture Yellow Organism 
Time, Hrs. 
FIGURE 9 BEHAVIOR Of MIXED CULTURES OF THE 
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FIGURE 10 BEHAVIOR OF MIXED CULTURES OF THE 
YELLOW ORGANISM AND~. MARCESCENS 
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of the initial inoculum would affect the tot,al growth of the 
system. The results of three experiments using different 
initial inocula of each organism are presented in Table IV. 
TABLE IV 
RELATIONSHIP BETWEEN INITIAL INOCULUM AND NUMBER OF 
CELLS PRODUCED ON 500 mg./1. SUBSTRATE 
Organism Initial Cell Final Cell 
Concentration Concentration 
S. rnarcescens 2.5 X 107 8.80 X 108 
8.0 X 107 
8 
9,35 X 10 
8 
108 1.05 X 10 9.30 X 
Yellow 3.8 X 106 3,60 X 107 
9.7 X 106 4.35 X 107 
1~8 X 107 4.05 X 107 
It is seen that, in the range examined, the size of the ini-
tial count d;i..d not materially affect the final cell concen-
tration. 
Part 2· Determination of Kinetic Constants and Growth Patterns 
of the Organisms l!l Continuous Flow Systems. 
As has already been noted, a plot of the cell concentra-
tion and substrate remaining against the dilution ratio may 
by theoretically obtained by the use of equations (8) and (9). 
The values of /.J.m' Ks' and Y may be determined in discontinuous 
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systems and used to calculates and x for a continuous (steady 
state) system. If the initial and final concentration of cells 
and substrate are known, Y can also be determined from batch 
data. Table V gives the results of a typical experiment for 
each organism. If a continuous flow system is used, then Y 
may also be determined by knowing the input and effluent sub-
strate concentrations and the number of cells present in the 
effluent. Table VI shows cell yield obtained from four exper-
iments on S. marcescens and one on the yellow organism using 
steady state data. Knowing µ , K , and Y, the cell concen-
m s 
tration and effluent substrate concentration for various dilu-
tion rates can be computed. Using values of K and , 1. ob-s rm 
tained from Figure 8 and average Y values from Table VI, the 
value of sand x were computed for various dilution rates 
(see Table VIl) and are plotted for both organisms in Figures 
11 and 12. In addition to the theoretical (computed) values, 
the actual experimental values of sand x obtained at various 
dilution rates are shown in Figures: .. 11 and 12. The experi-
ment.al data are also given in Tables VIII and IX. 
·, 
With the values of µ m: (from Figure 8) , s, and D (from 
steady state data), Ks may be calculated. These calculated 
values of K are approximate checks on the values taken from 
s 
Figure 8 (see Table X). 
Part 4, Effects of Mixed Cultures on Growth Patterns of the 
Organisms in Continuous Flow Systems. 
TABLE V 
CELL YIELD OBTAINED IN DISCONTINUOUS SYSTEMS 
s* C S2 c2 y Organism 1 
(mg. /1.) (Cells/ml.) (mg. /1.) (Cells/ml.) (Cells/mg.) 
S. marcescens 500 J.62 X 107 6 J.94 X 10 
8 
7.25 X 105 
6 
7.62 X 10 
6 4 
Yellow 530 6.37 X 10 470 2.1 X 10 
,:, Subscripts 1 and 2 indicate initial and final cell and substrate concentration 




CELL YIELD OBTAINED IN CONTINUOUS SYSTEMS 
SR s X 
Organism (mg. /1.) (mg. /1.) (Cells/ml.) 




9.6 X 10 
8 
500 41 1.75 X 10 
500 24 8.55 X 10 
7 




2,75 X 105 
2.18 X 10 5 
J.8 X 10 5 
1.8 X 10 5 
. . 4 




THEORETICAL VALUES OF KINETIC CONSTANTS AND VARIABLES 
sR-s 
m s Initial 
Dilution Growth Ks Yield :Effluent Minus 
Organism Rate Rate : (Batch) {Cont. : Glucose Final 
:Constant Flow) Cone. Glucose 
{Batch) : (mg. /1.) Cone. 
: (mg. /1.) 
5 S. marcescens 0.1 0. 51 45 2.29 X 105 7.5 493 
0.2 0.51 45 2.29 X 105 13.0 487 
0.3 O. 51 45 2.29 X 10 17.0 483 
0.4 0.51 45 2.29 X 10~ 20.0 480 
0.5 0.51 45 2.29 X 105 22.5 478 
0.6 0. 51 45 2.20 X 105 24.6 476 
0.7 0.51 45 2.29 X 105 26.0 474 
0.76 0.51 45 2.29 x.10 27.2 473 
Yellow 0.05 0.153 40 4 9.9 490 2.5 X 104 
0.10 0.153 40 2. 5 X 10 · 15.8 484 
0.15 0.153 40 2,5 X 104 19.8 480 
0.20 0.153 40 2,5 X 104 22.6 477 
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1.21 X 107 
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FORS. MARCESCENS IN A CONTINUOUS FLOW SYSTEM 
TABLE VIII 
DILUTION RATE, EFFLUENT GLUCOSE CONCENTRATION 
YELLOW ORGANISM 
Flow Dilution s':{ N+ 
Colonies 
Rate Rate (mg. /1.) Per (ml ./hr.) 1/2 Plate 
6.4 0.0512 O+ 5 22 25 
29 29 
11.2 0.0918 O+ 4 170 144 
139 160 
19.3 0,158 33 5 27 17 
4 240 260 
245 255 
25.2 0.206 144 4 94 99 
90 85 
26.0 0.221 382 4 31 19 
37 29 
30.0 0.246 503 3 0 0 
0 1 
*sis the effluent glucose concentration. 









2.3 X 107 
2.75 X 10 7 
1,15 X 107 
6 
3,35 X 10 
>103 
TABLE IX 
DILUTION RATE, EFFLUENT GLUCOSE CONCENTRATION, 
NO. OF ORGANISMS DATA 
SERRATIA MARCESCENS 
Flow Dilution S'~ Colonies Rate Rate (mg./1.) 
N+ Per 
(ml ./hr.) 1/2 Plate 
5.8 0.054 O+ 6 26 24 
17 19 
6.2 0.057 O+ 5 154 160 
162 185 
18.0 0.167 O+ 5 102 108 
108 110 
20.0 0.185 O+ 5 72 73 
81 '• 80 
24.0 0.231 O+ 6 29 23 
19 31 
25.8 0. 239 41 5 136 133 
150 153 
27.1 0.251 24 5 81 67 
65 61 
43.0 O ,398 55 5 76 84 
79 73 
49.2 0.455 39 5 72 75 
73 71 
72.0 o.667 41 5 82 79 
80 79 
80.0 0.741 143 5 36 20 
17 18 
82.0 0.760 4 21 27 
27 21 
90.0 0.834 510 4 0 0 
,:c s is the glucose concentration in the effluent . 





2.69 X 10 8 
2.03 X 10 8 
1.35 X 10 8 
9.0 X 107 
3.12 X 10 8 
1.75 8 X 10 · 
8.55 X 107 
9.6 X 10 
7 
9.12 X 107 
1.0 X 10 8 
2.5 X 107 
3.0 X 10 6 
>105 
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The same apparat.us a,nd culturing . techniques were employed 
in this series of experiments as in the continuous flow pure 
culture experiments except that a mixture of both organisms 
was used. The units were seeded with approximately equal 
amounts of the yellow organism and S. marcescens. Table XI 
shows the steady state cell counts obtained with mixed cultures. 
Figure 13 shows a comparison of this mixed culture q.ata and the 
data obtained when each organism was grown in pure culture. It 
. is seen that the yellow organism was diluted out of the mixed 
. culture system at a dilution,rate of about 0.15. The maximum 
·concentration of the yellow organism in mixed culture was about 
4.0 x 106 cells/ml., while in pure culture, it was about 2.5 
x 107 cells/ml. The S. marcescens maintained approximately 
the same concentration·of cells in mixed culture.as in pure 
culture (approximately 2.3 x;i.08 cells/ml.). 
Organism 
TABLE X 
.. EXPERIMENTAL VALUES OF S AND K 





S. marce.scens · 0.251 0.53 74 
0.39$ 0.53 74 
6.455 O. 53 85 
Yellow 0.052 0.153 27 










NUMBER OF EACH ORGANISM IN MIXED CULTURE 
Flow Dilution Number of Number of Rate Rate s. marcescens Yellow Organisms (ml:./hr.) Per Ml. Per Ml. 
8 4.06 X 10 
6 
5.5 0.05 4.0 X 10 
8 6 9.0 0.074 2.2 X 10 3.93 X 10 
2.28 X 10 
8 6 
13. 5 0.125 J,5 X 10 
l8.0 
8 6 
0.147 ·3.so x 10 1.72 X 10 
20.0 0.164 2.12 X 10 8 >106 
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The results of the study on the effect of the substrate 
concentration on the exponential growth rate show that the 
growth rate is dependent on the limiting substrate concentra-
tion up to a critical value. The yellow organism exhibited a 
growth rate at 100 mg./1. which is about 17 per cent less than 
its growth rate at 1000 mg./1. The growth rate at 100 mg./1. 
for~- marcescens was about 23 per cent less than its growth 
rate at 1000 mg./1. Several attempts were made to obtain 
growth curves of the organisms at 50 mg./1., but reliable 
results could not be obtained. The number of cells produced 
could not be measured accurately enough to make plots of the 
growth rates. The question may arise as to why approximately 
the same initial inoculum was used for experiments below 100 
mg./1. as above 100 mg./1. It would seem that the slope of 
a semi-log plot of cell concentration versus time could be 
more accurately determined. This is true, but the data of 
Fujimoto (37) indicates that when .a very small inoculum 
(about 103 or 104 cells/ml. of Escherichia coli) was used, 
the growth curves had a steeper slope in the log growth phase 
46 
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than when a larger initial inoculum (107 cells/ml.) was used. 
Therefore, in·the interest.of making valid comparison, it 
seemed advisabJ..e that the initial inoculum be in the same 
range as the other experiments. When this range was used, an 
insufficient number of cells was produced to assure an accu-
rate estimate of the change in population. The growth rate at 
· .100 mg./1. for S. marcescens is 0.3784, while it is 0.4851 at 
200 mg./1. and 0.4893 at 1000 mg./1. (see Figure 8). Therefore, 
the value at which there was no appreciable increase in 
lies between 100.and 200 mg./1. For the yellow organism, this 
substrate conoentration is not easily apparent but is proba-
bly between 100 and 500 mg./1. 
When the two organisms were mixed in discontinuous sys-
tems, the S. marcescens grew.as well as if there were no other 
organism present. The yellow organism reached a maximum value 
below the pure culture value and then declined (see Figures 8 
and 9). Since the yellow organism grew, it had to utilize 
some energy source. If this source was not the glucose but 
something else (perhaps an end product or intermediate meta-
bolite of the S. marcescens), then one might expect that 
growth would have continued to increase with time. If, on the 
other hand, the organism did use the glucose, the observed re-
sult would be expected, i.e., growth would continue until there 
was no longer any exogenous energy source and then go through 
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a stationery phase in which storage products may be used, and, 
finally, the viable population would decline. The result. in-
dicates that the presence of S. marcescens adversely affected - . 
the attainment of maximumi population of the yellow organism. 
It is not possible from these data to determine whether this 
.adverse effect was due simply to substrate depletion by S. 
marcescens or to an antagonistic mechanism. However, one 
experiment that was designed to show possible antagonism indi-
cated that S. marcescens did exert .an antagonistic effect. 
The experiment was carried out by first making a pour plate 
of the yellow organism and then placing four 0.02 ml. drops 
of a S. @arcescens aqueous cell suspension on the pour plate. 
Although the four drops of S. marcescens flowed together on 
the wet agar, a definite zone of greatly reduced growth of 
the yellow organism could be. seen around the periphery of the 
.§. •. marcescens growth. This reduced growth is believed to be 
caused by some antagonistic agent liberated into the agar by 
the~- marcescens. 
The reduced growth of the yellow organism in the mixed 
discontinuous system with the S. marcescens shows a similar 
result as the pour plate experiment. 
Although the initial viable population was different for 
the pure culture and mixed culture, it is felt that the sys-
terns can be directly compa~ed since it may be surmised from 
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Table IV that the size of the initial inoculurn did not affect 
.the total production of cells. This observation is also sub-
stantiated by the data of Fujimoto (37). 
The results of the experiments with mixed cultures in the 
continuous flow systems also show a definite predominance of 
the§.. marcescens over the yellow organism. One might expect 
this, as its maximum growth rate has a greater value. The two 
organisms do not grow independently of one another, however. 
The critical dilution rate of the yellow organism was found 
to be 0.221 in pure culture, while in mixed culture it.appears 
to be about 0.15. The cell concentration of the yellow organ-
ism is about 2.6 x 107 cells/ml. in pure culture, while it is 
only about J.8 x 106 cells/ml. in mixed culture. The§.. mar-
cescens maint.ains an almost constant concentration in mixed 
and pure cultures (see Figure 13). The mean generation time 
of the yellow organism is increased in mixed culture if one 
takes the apparent critical dilution rate and back calculates 
the mean generation time. The level of the cell concentration 
of the yellow organism was about 10 times as great in pure cul-
ture as in mixed culture. The S. marcescens was obviously more 
successful in the competition, since its cell concentration 
level remained approximately the same in mixed as in pure cul-
ture. The exact cause of this apparent antagonistic effect of 
S. marcescens on the yellow organism was not determined. 
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However, examination of the spot plates of the mixed cultures 
showed that the yellow colonies would grow less rapidly in the 
direction of contact with S. marcescens. Indeed, it was ob-
servations such as this which indicated the advisability of 
making the experimeni;:, to gain some insight into the antagonism 
which was previously described. 
As shown in Figures 11 and 12, the plots of the theoret-
ical curves for the continuous flow systems are in close 
agreement with the plots of the experimental values obtained. 
The dilution rate at which the cells would be washed out of 
the Chemostat was predicted to be 0.73 from the discontinuous 
flow data for S. marcescens in pure culture. The actual value 
was 0.76. The predicted wash-out value was computed in the 
following· manner. Since the value of µ m ( obtained from the 
discontinuous flow studies) was 0.51, the mean generation time 
was loge2/0.51 or 1.37 hrs. The critical value for the dilu-
tion rate would then be 1/1.37 or 0.73. The predicted criti-
cal dilution rate for the yellow organism was 0.222, while the 
actual value found was 0.221. The close agreement of these 
values is good evidence for the correctness of the JJ. m and Ks 
values obtained from the discontinuous flow studies. 
The yield values used in the computation of the theoret-
ical values of cell concentration (see Table VII and Figures 
11 and 12) were from the continuous flow systems. It was felt 
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that, the value of the yield cons~ant. should. be t_aken from the 
continuous flow data because a greater amount of steady s~ate 
data was available. According to the Monad concept (29, 30, 
31), there should be no difference in the yield values of the 
two systems, since the yield is assumed to be constant when 
the same substrate is fed to.the organism. From.the data 
herein reported, it cannot be said that the yield in the batch 
system was the same as that obtained from the steady state 
data. 
The values calculated from the. continuous flow data for 
K are, in general, higher than the values taken from the dis-
s 
continuous data. The value for S. marcescens is about.77 mg./1. 
and for the yellow organism about 48 mg./1. as compared to 
45 mg./1. and 40 mg./1. from the discontinuous data. The cal-
culations for K in continuous flow.are based on a calculated 
·s 
IA from the continuous flow data and the concentrations of r•m 
the effluent gluc.ose, (s). 
One method of calculating JJ.m for S. marcescens from the 
_continuous flow data would be as follows: Take the maximum 
dilution rate from the experimental dilute-out curves (see 
Figures lOand 11), which would be 0.76. Equate this value 
to the reciprocal of the mean generation time, 1/t. Solve 
fort.and obtain 1.31 hrs. This value is now equal to log8 2/ 
P.m which yields µ, m to be O. 53. 
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The difference in the values of Ks are not very great 
when the difficulty with which they were measured in the batch 
systems is considered. 
The author feels that a brief discussion of some of the 
difficulties encountered in research of this type and some 
mention of the preliminary studies which preceded the work may 
be of value to those wishing to carry this line of investiga-
tion forward. 
Nine experiments on Pseudomonas fluorescens were carried 
out before it.was decided that the adherence of the cells to 
the walls of ·the flasks was so excessive that no reliable 
results could be obtained. In addition, a few of the results 
from the 18 experiments conducted using the organisms herein 
reported had to be discarded because of equipment failure. 
One experiment was discarded due to cont,amination of the cul-
tures. Contamination was easily detected because of the dis-
tinct morphological characteristics of the colonies. Also, 
streak plates were made at the end of each experiment to check 
for the purity of the culture before the results of that ex-
periment were accepted. The culturing medium had to be auto-
claved each time in exactly the same manner since the losses 
due to evaporation of the fluid caused a variation of the glu-
cose concentration in the culturing flasks used in the discon-
tinuous flow systems. Since an initial inoculum of 5 ml. of 
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cell suspension was used in most of the experiments in discon-
tinuous systems, only very little glucose could remain in the 
seed culture at.the time the cell suspension was removed for 
inoculating. Therefore, it.was found necessary to incubate 
the seeding culture longer than necessary for the culture to 
be in its most active stage. As a result, ·somewhat extended 
lag periods were observed. If a heterogeneous population had 
been used, the seed culture could have been harvested and 
washed free of glucose without incurring an exceedingly labo-
rious procedure. Naturally, a heterogeneous culture would 
have been of no value to this study and is only mentioned to 
point.out.the relative difficulty involved when using small 
amounts of pure culture seed. Since absolutely no contami-
nation could be tolerated during the experiments, large num-
bers of sterile pipettes, dilution bottles, and petri dishes 
were needed, especially on the mixed culture experiments. 
The main problems encountered in the continuous flow 
experiments were: (1) maintaining a constant flow of medium; 
(2) side-wall growth; (3) maintaining the system free from 
contamination; and (4) maintaining a constant supply of sterile 
medium. Solution metering pumps (in the flow rate range re-
quired) failed completely. Under extended continuous opera-
tion, they would either stop pumping or develop leaks. The 
constant-head-siphoning device was very sensitive to large 
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changes in the room temperature caused by other experiments 
in progress. Frequent checks of the flow rate were required. 
The Chemostat had to be carefully cleaned to ret,ard side-
wall growth. While the yellow organism never exhibited any 
side-wall growth except in the outflow tube, the§_. marcescens 
did.exhibit side-wall growth after several days of operation. 
The equipment would then have to be washed and the apparatus 
resterilized and reinoculated. It may be interesting to note 
that neither organism accumulated above the surface of the 
medium on the walls of the flask (because of the splashing 
.and bubbling produced by aeration). However, when growth in 
this region was obseryed, it,was -a certain indication·of con-
tamination. Also, the side-wall growth in the S. marcescens 
unit was always red unless contamination was present. Another 
observation that may be of interest.was the accumulation of 
red pigment on the sides of the plastic beaker used to collect 
the effluent from the S. marcescens unit. When the two organ-
isms were mixed, little or no:pigment collected on the sides 
of the beaker even though it has been shown that there were 
approximately the. same number of S. marcescens in the efflu-
ent at. all times the unit.· was in equilibrium. A possible 
cause couJ.,d have been."sorption" of the red pigment.to the 
yellow organisms, which kept the·pigments from collecting on 
the sides of the flasks. 
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It,was desirable to make up the medium in the 10-liter 
·bottles, which served as medium reservoirs. It was found that 
the phosphate buffer had to be sterilized separately so that 
.precipitation would not occur. The buffer was then transferred 
to the 10-liter bottle, and the sterile constant-head siphon 
was affixed. Even with extreme care, cloudiness would some-
times appear in the medium reservoir denoting contamination. 
Then the somewhat laborious job of cleaning and sterilizing 
the unit,had to take place. 
When.the unit reached the steady state, a sample had to 
be taken directly from it for the determination of the cell 
concentration. This would sometimes induce contamination, 
although a strenuous attempt was made to employ aseptic tech-. , 
nique. 
The actual counting of the two organisms in mixed cul-
ture at different dilution rates presented a problem.since 
· sometimes they were at.widely different concentr.ations. The 
red organism·would grow very rapidly and form an almost solid 
culture.at each·spot, masking the yellow organism. To par-
tially counteract this effect, the 0.02 ml. spot was spread 
in a curved. line, thus spreading out the organisms and allow-
ing the slower yellow organism to show more clearly. 
The author found t-hat ,a standard curve plotting absorb-
ancy versus number of cells/ml. was useful in determin;ing the 
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number of organisms present in pure culture as a check on the 
plate count data and when .a very large number of population 
density checks were desired. Experiments to obtain data for 
the standard curves were carried out exactly in the same man-
ner as they were in the discontinuous flow studies and samples 
taken at several different absorbancies and counted (see Ap-
pendix, Figures 14 and 15). 
In this study the author has reported the use of a highly 
controlled model waste purification system to study the pre-
dominance of one organism over the other. It.is felt that 
this study is another basic step in eventual understanding of 
the causation of predominance in waste water purification. 
As has been previously stated, a better understanding of the 
causes of changes in predominance will allow more efficient 
waste water treatment to ensue. 
CHAPTER V 
SIJlVJMARY AND CONCLUSIONS 
The interaction of bacterial species leading to predom-
inance of one specie over the other has been studied in both 
steady and non-steady state systems. From these studies it 
may be concluded: 
1. Discontinuous flow studies may be used to determine 
certain kinetic constants necessary for predicting the growth 
patterns in continuous flow systems. 
2. The substrate concentration does exert an effect on 
the exponential growth rate up to a critical value. 
3. It would appear from these studies that cell con-
centration and the mode of predominance in mixed culture 
cannot be predicted in a quantitative sense on studies of the 
same organisms in pure culture. While it did prove possible, 
from the pure culture studies, to predict that S. marcescens 
predict the steady state population density of each organism; 
t-------<-=:""C"=•-,,~--,,,..,,- ,_ ,-•,---:-••'#"-~--- .. " «~~--, --- - < V • • • , 
\ 
the yellow organism in mixed as compared to pure culture. 
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4. The mechanism or mechanisms of the interaction of the 
species was not illuminated by this study. 
CHAPTER VI 
SUGGESTIONS FOR FUTURE WORK 
In order to obtain a better understanding of predominance 
in various waste treatment.processes, the following suggestions 
are offered: 
1. Study two organisms isolated.from waste water with 
approximately the same maximum growth rate in pure and mixed 
cultures and in continuous and discontinuous flow systems. 
2. Study predominance patterns using a higher number of 
organisms isolated from waste water. This would create a much 
more. complicated system and would be a step closer to the ul-
timate goal of predicting predominance in a heterogeneous pop-
ulation. 
3, Do research on the mechanism of interaction with the 
aim of determining if the general or most probable cause in 
nature for the development of predominant species is simple 
competion for energy source or·a form of .antagonistic inter-
action. 
4, Investigate the possible role of viruses in the 
determination of predominance in the heterogeneous population. 
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